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Atomic magnetometry and ultrasound, as individual techniques, have been used extensively in

various physical, chemical, and biomedical fields. Their combined application, however, has

been rare. We report that super-resolution force spectroscopy, which is based on the integration

of the two techniques, can find unique biophysical applications in studying drug-DNA interac-

tions. The precisely controlled ultrasound generates acoustic radiation force on the biological

systems labeled with magnetic microparticles. A decrease in the magnetic signal, measured by

an automated atomic magnetometer, indicates that the acoustic radiation force equals the bind-

ing force of the biological system. With 0.5 pN force resolution, we were able to precisely

resolve three small molecules binding with two DNA sequences and quantitatively reveal the

effect of a single hydrogen bond. Our results indicate that the increases in DNA binding force

caused by drug binding correlate with the enthalpy instead of free energy, thus providing an

alternative physical parameter for optimizing chemotherapeutic drugs. Published by AIP
Publishing. https://doi.org/10.1063/1.5045787

Both atomic magnetometry and ultrasound are widely

used techniques. Atomic magnetometers have been recently

developed to be one of the most sensitive instruments for

magnetic detection, rivaling superconducting quantum

interference devices.1–3 Subsequently, many applications

have been demonstrated, ranging from fundamental physics,

magnetic resonance imaging, nuclear magnetic resonance, to

biomagnetism.4–7 In particular, since magnetic particles are

widely used in biochemical labeling, atomic magnetometers

have been a valuable tool to detect biological molecules and

intermolecular interactions.8,9 Compared to optical-based

spectroscopic techniques, however, atomic magnetometers

are probably more difficult to use and less intuitive for pro-

viding specific molecular signatures. On the other hand,

ultrasound radiation has been broadly employed in engineer-

ing, chemistry, and medicine.10–12 In the presence of micro-

particles, ultrasound exerts substantial acoustic radiation

force that can be used for particle manipulation and biologi-

cal assays.13–15 Recently, we showed super-resolution force

spectroscopy (SURFS) that uses acoustic radiation force to

precisely distinguish different intermolecular bonds,

consequently revealing valuable mechanistic information of

complex biological processes.16,17

Here, we report a unique application of SURFS in bio-

physics, as well as the critical technical aspects during the

integration of an automated magnetometer and an ultrasound

generator. The binding of three small ligands onto the minor

grooves of two different DNA duplexes was precisely deter-

mined, with an order of magnitude better resolution than

other force spectroscopic techniques. The structural differ-

ence of a single hydroxy group among drugs was also distin-

guishable. The automation of the magnetometer simplifies

the experimental procedure and reduces operational error.

These features combined will facilitate broad applications of

SURFS in biophysics.

Figure 1 shows the schematic drawing of the overall

apparatus, which includes a sample translation system, an

ultrasound generator, and an atomic magnetometer. The

sample was mounted on a glass rod driven by a linear motor.

Ultrasound was generated by a piezo plate in conjunction

with a function generator and an amplifier. The atomic mag-

netometer used high-vacuum cesium cells to minimize the

operation temperature to 37 �C, which is advantageous for

biological samples compared to other types of atomic mag-

netometers.1,2 The sample was translated to the location of

the piezo plate and subjected to ultrasound application.

Then, it was moved inside the magnetic shield where its

magnetic signal was determined by an atomic magnetometer.

The process was repeated until the final ultrasound amplitude

was reached. The smallest incremental step for the function

generator was 0.002 V. We have confirmed that the sensitiv-

ity of the atomic magnetometer was not affected by the

application of ultrasound, which was approximately 2.5 pT

for 30 ms integration time with or without applying ultra-

sound (Fig. S1 in the supplementary material).

A key challenge for automated measurements is repro-

ducibly generating acoustic radiation force without affecting

the translation of the sample. We implemented a water reser-

voir, whose position was controlled by a translation stage, to

be placed above the piezo plate. This allows constant

coupling between the piezo and the sample, without restrict-

ing the translation of the sample required for magnetic

measurements. To demonstrate automated measurements for

hours, we designed a chemical system with a gradually

decreasing magnetic signal, in which we used HCl to

dissolve magnetic particles (details are provided in the

supplementary material). Figure 2(a) shows the magnetic

profiles of the sample in 5 min intervals. The top trace in

black was the initial magnetic signal, measured by scanning

the sample from outside the magnetic shield to the atomic

sensor located at the center of the magnetic shield. The

x-axis indicates the scanning distance. Each trace below thea)Author to whom correspondence should be addressed: sxu7@uh.edu

0003-6951/2018/113(19)/193702/4/$30.00 Published by AIP Publishing.113, 193702-1

APPLIED PHYSICS LETTERS 113, 193702 (2018)

https://doi.org/10.1063/1.5045787
https://doi.org/10.1063/1.5045787
ftp://ftp.aip.org/epaps/appl_phys_lett/E-APPLAB-113-017845
ftp://ftp.aip.org/epaps/appl_phys_lett/E-APPLAB-113-017845
mailto:sxu7@uh.edu
http://crossmark.crossref.org/dialog/?doi=10.1063/1.5045787&domain=pdf&date_stamp=2018-11-06


black one was taken after reacting for every 5 min. The

sample magnetic signal eventually reached a plateau. This

was due to the residual magnetic field from the sample

holder, which may be treated as a common background.

The plot of the magnetic signal at different times is shown in

Fig. 2(b). The profile followed single exponential decay,

which was consistent with the first-order reaction because

HCl was in excess. The half-life was 11.6 6 0.6 min. This

experiment showed that an automated atomic magnetometer

coupled with ultrasound as the force source is feasible, which

will eliminate the possible error caused by the manual sam-

ple loading and transferring steps between the centrifuge and

atomic magnetometer in our previous work.8

To demonstrate biophysical applications of the inte-

grated technique, we chose three representative ligands that

bind the minor groove of DNA duplexes. Of the three,

berenil and netropsin were well-known drugs that target

DNA, and Hoechst 33258 (hereinafter referred to as Hoechst

for simplicity) was commonly used for DNA staining.18,19

Their molecular structures are shown in Fig. S2 in the

supplementary material. Two different DNA sequences were

selected based on the availability of binding thermodynamics

for the ligands. The experimental procedures were similar to

previous studies and are provided in the supplementary

material.17,20

Figure 3(a) shows the relative magnetic signal vs. acous-

tic radiation force for a 11-basepair (bp) DNA containing a

AAAAA segment for the three ligands. The DNA sequence

was 50-GCGAAAAACGC. The relative magnetic signals

were obtained by dividing the magnetic signals at various

acoustic radiation forces by the magnetic signal prior to

applying ultrasound; each magnetic signal value was aver-

aged from ten data points. A representative magnetic signal

profile of berenil-DNA at 41 pN is shown in Fig. S3 in the

supplementary material. The force values were obtained

according to a previous calibration using a series of DNA

duplexes, in which the same molecular systems were dissoci-

ated by both ultrasound and centrifugal force.17 The calibra-

tion yielded the empirical formula of F¼ 736 � V2 þ 11.

Here, F is the acoustic radiation force in pN and V is the

ultrasound amplitude in volts prior to amplification. The dis-

sociation forces for the DNA alone, berenil-DNA, netropsin-

DNA, Hoechst-DNA were 34.3, 41.3, 38.8, and 38.1 pN,

respectively. The uncertainty was 60.5 pN (inset). To quan-

tify the mechanical effect of drug binding, we define differ-

ential binding force, DF, which equals the dissociation force

of the DNA with ligand binding subtracting it without the

ligand. Therefore, berenil has the largest DF of 7.0 pN, fol-

lowed by much smaller values of 4.5 and 3.8 pN for netrop-

sin and Hoechst, respectively.

The advantage of SURFS is demonstrated by comparing

the current results with force-induced remnant magnetization

spectroscopy (FIRMS), a previous technique using

centrifugal force instead of ultrasound.8 FIRMS has a typical

force resolution of 62 pN. The FIRMS results are shown in

Fig. 3(b), in which the profile of Hoechst-DNA overlapped

with that of DNA. This indicates that FIRMS was not able to

distinguish Hoechst binding. A partial overlap was observed

for netropsin-DNA. Only berenil-DNA was clearly resolved

from DNA alone. Therefore, SURFS has a much better force

resolution and is unique in distinguishing weak ligand-DNA

binding.

The advantage of magnetic detection is shown by com-

paring with optical images obtained by a microscope

(Amscope T650A, 10� objective). Two images were

obtained, one before the dissociation of the DNA with no

ultrasound and the other after using ultrasound at 0.25 V

[Figs. 3(c) and 3(d)]. Counting the particles with ImageJ

gave 2906 6 74 for 0 V and 3009 6 90 for 0.25 V.21 The two

values were the same within the uncertainty. This is because

the magnetic particles remained on the surface after dissocia-

tion, resulting in no change in the particle count. In contrast,

the magnetic dipoles of the dissociated particles became ran-

dom due to the Brownian motion, resulting in a decrease in

the magnetic signal that can be detected by the atomic

magnetometer.

FIG. 2. Automated magnetic measurements for the dissolving reaction of

magnetic particles in HCl. (a) Signal at various reaction times. From top to

bottom: 5–55 min in 5 min intervals. (b) Plot of the magnetic signal vs. reac-

tion time.

FIG. 1. Overview of the SURFS apparatus. 1, sample; 2, linear motor; 3,

piezo plate driven by amplified ultrasound; 4, atomic sensor; 5, magnetic

shield; and 6, mount of the atomic sensor.
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The precise force results by SURFS bring a different

perspective in relating mechanical properties to thermody-

namics. For the three ligands binding with the

Poly(A)•Poly(T) duplex, berenil and Hoechst have similar

DG, �9.4 and �9.5 kcal/mol, respectively, whereas DG for

netropsin is a much more negative �12.4 kcal/mol.22–24

Therefore, the mechanical difference measured with DF
does not correlate with DG. Instead, the DH of the three

ligands is �2.3, �0.4, and þ8.6 kcal/mol, respectively.

Comparing with the DF values of 7.0, 4.5, and 3.7 pN,

respectively, we can conclude that DH appears to correlate

with DF such that more negative values of DH are associated

with higher values of DF.

To confirm the DF—DH correlation, we chose a DNA

sequence that was identical to a literature report using calo-

rimetry. The sequence was 50-CGCGAATTCGCG. The

SURFS results are shown in Fig. 4. The DF values are 1.7,

7.6, and 1.7 pN, for berenil, netropsin, and Hoechst, respec-

tively. The force results suggest that only netropsin has

significant negative DH binding to this DNA. This is

consistent with the calorimetric results that DH for netropsin

is �8.6 kcal/mol. For the other two ligands, DH is either

close to zero or positive, with �1.3 kcal/mol for berenil and

þ7.5 kcal/mol for Hoechst.25

The high force resolution allowed us to study drug mole-

cules with very similar structures. We chose daunomycin,

doxorubicin, and epirubicin binding with a DNA duplex with

sequences 50-Biotin-GGA AAC CAA AGG and 50-Biotin-

CCT TTG GTT TCC. All three drugs are commonly used in

chemotherapy,26–29 with structures shown in Fig. S2 in the

supplementary material. Among them, doxorubicin contains

only one more OH group than daunomycin; doxorubicin and

epirubicin differ only in chirality. The results are shown in

Fig. 5. The binding force for the DNA duplex alone was

27.0 6 0.5 pN; the force values for the drug-bound DNA

were 41.3 6 0.3, 49.1 6 0.8, and 49.1 6 0.8 pN, for dauno-

mycin, doxorubicin, and epirubicin, respectively. These

results led to DF of 14.3, 22.1, and 22.1 pN, respectively.

Because the only structural difference between the last two

and the first one was an OH group, we attributed the excess

force increase of 7.8 pN to the additional hydrogen bond that

was formed between the OH group and the DNA. In addi-

tion, for this particular DNA sequence, the chirality differ-

ence between doxorubicin and epirubicin did not affect their

binding strength with the DNA. We are currently exploring

other DNA sequences to identify if there will be a binding

difference for the two drugs.

The significance of the SURFS applications in studying

drug-DNA binding is twofold. One is regarding the binding

thermodynamics. DH has been shown to be potentially a

more relevant thermodynamic parameter for drug optimiza-

tion than DG.30 Establishing an alternative physical parame-

ter for gauging DH is therefore valuable. Technically, DH is

difficult to obtain. For example, optical-based techniques

have yielded very different results compared to calorimetry

because their only way for obtaining DH is using the van ’t

Hoff equation. For the intrinsically narrow temperature range

suitable for biological systems, this equation produces

significant uncertainty.25,31 Compared to calorimetry, our

technique is easier to use, more specific, and cheaper. The

other significance is the exceptional force resolution. Both

FIG. 3. Results of ligands binding a

DNA duplex containing AAAAA. (a)

SURFS results show a high force reso-

lution. The inset shows the 0.5 pN

force interval. (b) Lower-resolution

results obtained by FIRMS. Note the

overlap between DNA and Hoechst-

DNA. (c) and (d) Microscopic images

of the DNA sample before and after

ultrasound, respectively. Ber: berenil;

Net: netropsin; and Hoe: Hoechst

33258. Scale bar: 20 lm.

FIG. 4. SURFS results of the three ligands binding the DNA duplex contain-

ing AATT.
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atomic force microscopy and optical tweezers have been

used to study drug-DNA binding with important results.32,33

However, the force distribution for both techniques is

typically very broad because of their single-molecule nature.

On the contrary, our atomic magnetometer measures

104–105 events simultaneously, leading to an improved force

resolution that can resolve a single hydrogen bond.

A potential limitation for using acoustic radiation force

is the power limit of the ultrasound. There are two effects

that can damage the sample surface. One is cavitation that

occurs at relatively high power. In the reported experiments,

no cavitation was observed at even 0.5 V. In our previous

work, we have shown that the power needed for dissociating

longer DNA duplexes was approximately one order of

magnitude below the cavitation threshold.16 The other effect,

the thermal effect, is more relevant to SURFS. We have

measured the sample temperature vs. voltage and observed

sample temperature increase at high voltages (Supporting

Table). In order to limit the sample temperature to 37 �C, the

voltage of the 1 MHz function needs to be below 0.40 V for

the current apparatus. This translates to an upper force limit

of 129 pN based on the calibration. We kept the voltage to

be below 0.30 V in this work.

In conclusion, we expanded the application scope of

atomic magnetometry and ultrasound in biophysics. The

unique integration of the two fields gives both high sensitiv-

ity and resolution for molecular interactions. The resulting

SURFS technique is potentially valuable for drug screening

and represents an addition to the field of force spectroscopy.

See supplementary material for the experimental details,

three supplementary figures, and one supplementary table.
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